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Inclusion and Exclusion Criteria
To be eligible for this clinical trial, the patients had to meet the following inclusion criteria: (1) eligible for cardiac transplantation; (2) body surface area >1.1 m 2 ; (3) New York Heart Association (NYHA) functional class of IV; (4) previous optimal medical treatment; (5) cardiac index less than 2.2 L·min -1 ·m -2 with either systolic blood pressure less than 80 mmHg or left atrial pressure or pulmonary arterial diastolic pressure greater than 18 mmHg; (6) informed consent; and (7) all laboratory and physiological data used for patient evaluation 48 h before enrolment were within the required ranges.
The exclusion criteria were: (1) fixed pulmonary hypertension with pulmonary vascular resistance greater than 6 Wood units; (2) severe chronic obstructive pulmonary disease; (3) active systemic infection; (4) symptomatic cerebrovascular disease; (5) serum creatinine concentration >5 mg/dl or blood urea nitrogen concentration >100 mg/dl or need of hemodialysis; and (6) liver enzymes more than 3-fold the normal upper limit or a total bilirubin concentration >5 mg/dl. 
Patients
Four male patients who had end-stage left heart failure received a DuraHeart VAD as a left ventricular assist device (LVAD) for bridge to transplantation ( Table 1 ). All patients were listed for cardiac transplantation and showed signs of acute hemodynamic deterioration and end-organ dysfunction. The protocol for the study was approved by the Institutional Review Board.
Clinical Course
The clinical course, including pump performance, hemodynamic changes, hemolysis (hemoglobin and serum free hemoglobin concentrations) and biochemistry data (serum creatinine, lactate dehydrogenase concentrations, and platelet count), was monitored at least weekly.
Implant Procedure
Similar to other LVAD, the DuraHeart VAD was implanted through a median sternotomy with the use of extracorporeal circulation (ECC) and beating heart. The pump was placed in a left-side, preperitoneal, upper abdominal pocket, and the drive-line was tunneled subcutaneously and exited the skin above the right iliac crest. A sewing ring was attached to the apex of the beating heart with circumferentially placed mattresses sutures. After coring of the apex, an inflow conduit was inserted into the left ventricle and fixed to the sewing ring. The Vascutec outflow graft was placed extrapericardially and anastomosed to the ascending aorta. The VAD was de-aired, and the pump was started while ECC was gradually discontinued. A combined cardiac and pump output was maintained to achieve mixed venous oxygen saturations above 60%.
Anticoagulation
Anticoagulation treatment followed the institution's established regimen. [9] [10] [11] During ECC and implantation of the pump the patients received intravenous heparin (300 IU/kg body weight). A heart -lung machine was primed with 1,000,000 IU aprotinin. After discontinuation of ECC, the heparin was reversed with an appropriate dose of protamine. Intravenous heparin was instituted 6-8 h after surgery, when chest-tube drainage was less than 50 ml/h to achieve an activated partial thromboplastin target time of between 60 and 70 s. Platelet anti-aggregation therapy with 100 mg/day aspirin was started on the third postoperative day. The platelet inhibition status was monitored, and the amount of aspirin adjusted after the results of the platelet mapping assay using thromboelastography (Haemoscope, USA). To obtain more than 80% inhibition of the platelet function through the arachidonate-thromboxane A2 pathway, the dose of aspirin was maintained between 100 and 300 mg.
Administration of intravenous heparin was terminated when anticoagulation with phenprocoumon (Marcoumar) reached the target level of an international normalized ratio between 2.5 and 3.5.
Handling of Explanted Devices
At the time of transplantation, the pumps were removed, washed with saline, and preserved in 2% glutaraldehyde solution. The pumps were then inspected macroscopically and sent back to the company for further investigation.
Results

Clinical Course
The intraoperative course in all 4 patients was uneventful. The pump showed good performance with flow rates of 4.9±0.5 L/min after gradual weaning off ECC. Adequate tissue perfusion was achieved with mixed venous oxygen saturation greater than 60%. Nearly full unloading of the dilated left ventricles could be achieved with a closed aortic valve, which was confirmed by transesophageal echocardiography. The 4 patients were extubated on the first, second, first and first postoperative day, respectively; however, after initial early extubation on the day of implant, patient 3 needed re-intubation for an extra day because of respiratory failure. Subsequently, all 4 patients were mobilized, and inotropic support for sufficient right heart function could be discontinued. All the patients were transferred from the intensive care unit to an intermediate care ward and then to a general ward. The patients were put through regular physical training to rebuild the muscle mass lost during the prolonged period of preoperative and postoperative immobilization. After full mobilization and stabilization of anticoagulant therapy, the patients were discharged from hospital to a rehabilitation center on the 18th, 42nd, 41st and 31st postoperative day, respectively. From there, all patients were discharged home in excellent physical condition and classified as NYHA functional class I. All 4 patients were successfully transplanted on the 202nd, 84th, 128th and 96th days after implantation, respectively.
Hemodynamic Changes
In the early period after implantation of the DuraHeart VAD, the pulse pressure amplitude was kept well reduced. Because of the rest-function of the natural left heart, low pulsatility of the arterial blood pressure could be observed in all the patients, even though their aortic valves stayed closed. The mean arterial blood pressure was maintained at 77±4, 83±5, and 74±7 mmHg on the first and third postoperative day and 1 week after the operation, respectively. The pump flow was adjusted to maintain a mixed venous oxygen saturation of greater than 60%. After the initial postoperative period, pulsatility increased, and this increase was related to further recovery of left ventricular contractility. The mean arterial blood pressure was maintained at 74±7, 85±4, 88±4, 88±3, 104, 100 and 98 mmHg on the 1st, 4th, 8th, 12th, 16th, 20th and 24th week after the operation, respectively.
Device Performance
In all 4 patients, the DuraHeart provided adequate blood flow to maintain sufficient tissue perfusion, as reflected in mixed venous oxygen saturation greater than 60%. The pump speed was adjusted manually in the early postoperative period to obtain an adequate blood flow and to avoid excess suction with ventricular collapse. The mean pump flows, corresponding pump speed, and motor current are shown in Table 2 . No mechanical failures related to the DuraHeart pump system were observed during the entire clinical course of all 4 patients.
Hemolysis and Biochemistry Data
No significant elevation of mean plasma-free hemoglobin was detected. Slightly elevated preoperative serum creatinine concentrations declined to the normal range postoperatively. Lactate dehydrogenase concentrations normalized from a preoperative or operative elevation. The platelet count was also well maintained during the entire clinical course.
Explantation of Pumps
All pumps could easily be explanted during the transplant procedure. Macroscopic inspection of the surface of the pumps found no evidence of thrombus formation or mechanical wear (Fig 4) . All showed intraventricular pannus growth of differing extent around the inflow cannula.
Discussion
For clinical assessment of the DuraHeart VAD we enrolled the first 4 patients in this trial. All patients could be maintained in a stable condition at relatively high pump flows, and neither mechanical failure nor crucial thromboembolic events occurred during the entire period of mechanical support. Taking these facts into consideration, together with the excellent clinical results, the DuraHeart can be regarded as a safe and reliable pump with an innovative magnetic rotor suspension
The outstanding clinical results in this cohort of patients can be theoretically supported by the obvious advantage of the magnetic suspended systems in the DuraHeart. Although there have been several approaches to developing fully implantable, long-lasting rotary blood pumps, the magnetically suspended rotor is regarded as one of the most promising approaches towards long-term mechanical reliability and reduced thrombogenicity. Conventional rotary blood pumps have had limitations in durability and mechanical wear because of problems related to the necessary bearings and seals. To overcome these problems, some innovative approaches have been applied to the new generation of rotary blood pumps, including the magnetic levitation system. The DuraHeart is the first implantable magnetically levitated centrifugal blood pump for clinical application. The magnetic suspended system in the DuraHeart can be operated completely contact-free without any material wear, enabling long-term mechanical support and reduced thrombogenicity. The DuraHeart is expected to be one of the options for improving the prognosis of severe heart failure patients by enabling reliable long-term circulatory support. 12, 13 It is still debatable which type of rotary pump, axial or centrifugal, including the magnetically levitated DuraHeart, is preferable for application in patients requiring higher pump flows and/or long-term support. Recently, some axial pumps have achieved circulatory assistance for more than 2 years. However, because of lower torque generation, axial flow pumps generally have a mechanical wear problem associated with the rotational speed, which is higher than that of centrifugal blood pumps. In terms of mechanical wear, it is theoretically conceivable that magnetically levitated centrifugal pumps, such as the DuraHeart, could handle higher blood flow demands and/or longer term circulatory support than axial flow pumps. Nevertheless, further study is needed to confirm whether such theoretical advantages are verified in clinical use.
In conclusion, in our first series of clinical implantation of the DuraHeart VAD centrifugal blood pump, the pump proved to have very low hemolysis and excellent support properties, giving sufficient and stable circulatory support for the bridge-to-transplant procedure. Because of the lack of mechanical wear and a magnetically suspended rotor system, the DuraHeart VAD is expected to have outstanding long-term durability and advantageous properties for long-term or destination therapy support. 
